Using a new photoclinometric technique with high-resolution Mariner 9 images, maximum slopes of 10ø-20 ø are found to occur on an exposure of layered deposits within the south polar residual cap of Mars. Stereophotogrammetry is used to constrain the photoclinometric solutions, which resolve layer thicknesses of 100-300 m. Albedo variations are correlated with slope, indicating that frost is present on level areas. There is evidence for temporal changes in frost distribution in the 7 days (4 ø of L6) between the two images used in this study. The magnitude of the slopes derived here and consideration of the stability of water ice at the surface of the layered deposits strongly suggest the presence of a competent weathering rind. The weathered surface may be composed of dark filamentary sublimation residue particles that protect the underlying ice from solar heating. This hypothesis is consistent with previous studies of the regional color and albedo of the layered deposits, which indicate that the deposits are slightly darker and less red than the bright dust that mantles much of the south polar region. Furthermore, the proposed weathering mechanism provides a plausible source of dark, saltating material for the Martian polar dune fields.
INTRODUCTION
The polar layered deposits on Mars are believed to record global climate cycles [Murray et al., 1972; Carp, 1982 [1982] found that layer contrasts were enhanced in the north polar deposits by retention of frost during the summer on relatively level slopes. By comparing such images with images of the same area taken during the spring (when the frost cover was essentially complete), they concluded that variations in layer composition also influence frost retention. However, the magnitude of albedo variations in the layered deposits has not been previously quantified due to limitations in photoclinometric techniques and the fundmental ambiguity between albedo and slope effects. Murray et al. [1972] first recognized that most of the layering observed in the south polar region is due to the "staircase" topography of the deposits but noted that albedo variations between layers are indicated in some cases. Photoclinometry has not been applied successfully to the south polar layered deposits, however. Dzurisin and Blasius [1975] Details of the technique will be presented in the next section, after a description of the processing steps required to calibrate the images, to remove the effects of atmospheric dust scattering, and to produce smooth profiles. Photoclinometric solutions are very sensitive to the assumed values of atmospheric brightness [Howard et al., 1982a ], so we have employed a multistream radiative transfer model to remove the effects of atmospheric dust scattering. Surface scattering parmeters are chosen that produce overall topographic relief that is consistent with the stereogrammetric results described below. The results (discussed below) indicate that the majority of the albedo variations in exposures of the south polar layered deposits are due to the presence of frost, and that slopes of at least 10 ø and perhaps 20 ø occur. Such steep slopes have not been reported before and imply that the material comprising the layered deposits is rather in each identifier represent the Mariner 9 orbit number (or "rev"), and the last digit is the frame number in the or- The image in which the illumination is nearly parallel to the strike of the layers will be referred to as the "albedo" image, because the variations in reflectance between layers is mainly due to variations in surface albedo. Similarly, the image in which the illumination is nearly perpendicular to the strike of the layers will be referred to as the "topography" image, because in this case variations in slope have a dominant effect on the reflectance.
Radiometric Calibration
The Mariner 9 images were corrected for noise and artifacts, and each pixel was converted into light intensity values using the procedures described by Herkenhoff et al. [1988] . and Viking orbiter images of the same face of Phobos, assuming that the Viking calibration is correct. The absolute accuracy of the Mariner 9 calibration is therefore limited by the 13% (la) absolute accuracy of the Viking orbiter cameras [Klaasen et al., 1977] . A full discussion of the absolute accuracy of spacecraft imaging is beyond the scope of this paper and will be the subject of a forthcoming publication, where it will be argued that a reasonable estimate of the absolute accuracy of the Mariner 9 calibration by this method is about 20% RMS. In any case, Mariner 9 absolute photometric uncertainty is no less than the 15% value estimated by Thorpe [1973] for the central 400 x 400 pixels at midscale.
Relative errors within each image and between images are about 8% [Herkenhoff et al., 1988] , and somewhat larger at low exposure levels. The effect of these uncertainties on our results will be discussed later.
Stereophotogrammetry
The camera pointing information for each image was refined using PICS software [Edwards, 1987; Batson, 1987 Stereogrammetry was also used to find the elevations at the endpoints of two profiles (Table 1 ). The total relief of each profile (500 ß 90 m for profile 1; 300 ß 160 m for profile 2) will be used to constrain photoclinometric solutions.
Similar results are obtained from stereogrammetric analysis of another pair of images of the same area, 124B7 and 173B1.
Atmospheric Scattering Model
In order to deduce the true magnitude of surface refiectance modulations arising from surface albedo or slope variations, the intensity contribution from atmospheric scattering must be estimated and removed. Atmospheric opacity is most directly estimated using measurements of brightness in shadows [Herkenhoff and Murray, 1990; McEwen, 1985] .
No distinct shadows could be found in either of the images shown in Figures I and 2 , so images taken on or near the same orbits were searched for shadows. Good shadows were found in high-resolution images of the south polar region taken during revs 173 and 187, but not rev 188. The images were radiometrically calibrated, then 5 x 5 pixel areas were averaged within shadows and on nearby level areas at the same incidence (solar zenith) angle. The dust scattering model described by Herkenhoff and Murray [1990] was used The assumption of Lambertian surface scattering in the atmospheric model is clearly not valid in general for the surface of Mars. However, we feel that this approximation is sufficient within a relatively confined region because the direct surface reflectance is generally a small fraction of the total observed flux at high incidence angles (Figure 3 The dust concentration in the atmospheric model decays exponentially with a scale height of 10 km up to a maximum of 50 km, so that much of the total opacity is due to dust near the surface. Regional elevation differences will therefore affect the atmospheric opacity calculated by the model. The topography of south polar region is unknown except in the area of the residual cap [Dzurisin and Blasius, 1975] . The areas modeled in Figure 3 are several hundred kilometers from the residual cap, near the edge of the layered deposits. The radio occultation and stereogrammetric data presented by Dzurisin and Blasius [1975] indicate that the portion of the residual cap in Figures I and 2 is about 2 km higher than the areas modeled for atmospheric scattering. The vertical dust distribution was therefore modified to account for the greater surface elevation in images 173B1 and 188B2 by removing the bottom 2 km of dust from the model used to fit the shadow data. This effectively reduces the dust optical depth to 0.25.
In order to correct 173B1 and 188B2 for atmospheric effects, an average Lambert surface albedo must be chosen for use in the model. The width of the dark band of exposed layered terrain is less than an atmospheric scale height, so surface reflection from bright frost will be a significant component of the illumination of suspended dust particles. However, a surface albedo similar to those in Figure 3 is more appropriate for calculating the surface reflection of diffuse radiation from the atmosphere. We therefore expect that a surface albedo greater than that of the dark ground and less than that of the bright frost will most accurately correct for atmospheric effects in the dark band. 
Pro fires
Profile endpoints were located using surface features that were visible in both images (173B1 and 188B2). The latitudes and longitudes of the endpoints in the two images (Table 1) were derived using the stereogrammetric software described above. Incidence, emission, and phase angles at each of the profile endpoints were then found relative to a mean ellipsoidal surface using the corrected camera pointing information ( Table 2 ). The errors in these angles are of the same order as the uncertainty in location of surface points, less than 0.01 ø.
It was necessary to include pixels adjacent to the line connecting profile endpoints because of noise in the images because the layers are barely resolved. Pixel values within a given range of the profile center line were projected perpendicularly to the center line, under the assumption that layers are perpendicular to the profile. In some cases the profile was not exactly perpendicular to the strike of the layers, so that only pixels close to the profile could be projected. In The minimum reflectances in all of the profiles within each image are roughly equal, suggesting that they represent level areas. Assuming this to be the case, the minimum values can be modeled using the parameters described above and the geometric information in Table 2 . The values of w and b were varied within reasonable limits to fit the minimum reflectances in both images simultaneously, assuming in addition that the albedo of the surface did not change in the week between the two images. A good fit to the data could be made after correcting for atmospheric effects using length in this study, so that foreshortening has practically no effect on our results. We conclude that foreshortening cannot explain the large overall relief in Figure 13 and that a temporal change in frost coverage along profile 2 is therefore Figure 9 indicates that the differences between profiles I and 3 may be due to lateral variations in the layers, but the images are sufficiently noisy that such a conclusion is debatable in some cases. However, the reflectance dip in the albedo image profile (Figure 14a the reflectance data in both images and is probably at least 15 ø. The significance of maximum slopes of this magnitude will be discussed after the uncertainties in these results are quantified.
Examination of

Error Analysis
The estimated 20% error in absolute calibration does not directly affect the results reported here. Multiplicative errors of this magnitude will not change the ratio of atmospheric to total scattering, and therefore will not significantly change the optical depth fits described above. Clearly, the error in the overall slope of profile 1 (derived from stereogrammetry) has an effect on the derived slopes.
The 90-m relief uncertainty for profile 1 corresponds to an overall slope uncertainty of +0.7 ø. This error is small compared to the errors in slope due to reflectance uncertainties, so that the combined error in slope is no more than 3 ø . The steepness of the slopes and consideration of the instability of water ice at the surface of the layered deposits suggests that slopes on layered deposit exposures may be maintained by the presence of a strong weathering rind. In the absence of such a competent surface layer, sublimation of water ice from the layered deposits would leave only loose dust (and perhaps some sand-sized particles) that would presumably slump down or blow away. In either case, the removal of dust would expose more water ice to the sun, resulting in rapid erosion of the layered deposits. Calculations by Toon et al. [1980] show that about 15 cm yr -• of water ice would be sublimed from the layered deposits at 80øS latitude if the H20 were not protected from the sun. Even if the layered deposits are mostly ice, this indicates that a few vertical kilometers per million years of the deposits could be removed by this type of erosion. Sunward-facing scarps would be expected to retreat at a much higher rate. This result suggests that water ice in the layered deposits is protected by a surface layer of some kind that insulates the H2 O from solar heating [Hofstadter and Murray, 1990] . We propose that this surface layer is a weathering rind composed of dark, serf-cementing sublimation residue particles, such as those created in the experiments described by Saunders et al. [1986] . This hypothesis is consistent with the regional color and albedo of the southern layered deposits, which indicates that layered deposit "bedrock" is slightly darker and less red than the bright dust that mantles the surface [Herkenhoff and Murray, 1990 ].
The results presented in this paper, along with previous studies, suggest the following scenario for layered deposit evolution. Dark, magnetic dust motes preferentially form larger (sand-sized) residue particles upon sublimation of water ice from the layered deposits [Hcrkcnho• and 1990] . Weathering of the deposits produces a strong surface layer of such particles that effectively insulates water ice deeper within the layered deposits and permits 10ø-20 ø slopes to be stable. Further erosion loosens the dark residue particles, allowing them to be transported by saltation and build the dunes observed in both the north and south polar regions.
If this hypothesis is correct, the exposures studied here should be somewhat darker than the bright dust that mantles much of the south polar layered deposits. The dark ]band in Figure 9 is not well resolved in the Viking orbiter 2 color mosaic studied by Herkenhoff [1989] , so that the regional color and albedo of this exposure is not easily quantified. Further study is therefore required to adequately test this hypothesis.
The stepped topography on layered deposit outcrops is probably caused by variations in resistance to erosion between layers [Howard, 1978] . Such variations in erosive resistance may be due to differences in susceptibility to sublimation of water ice. Differences in ice/dust content and in dust composition may cause such variations in erosion rate. However, variations in dust composition must not result in surface albedo changes greater than 15%. The magnitude of surface slopes provides constraints on possible mechanisms for layered deposit erosion.
Future studies of the topography and albedo of the layered deposits should include examination of areas far from the residual cap, where there is less surface frost. Current investigations of the south polar deposits using the technique described here are limited by the availability and quality of Mariner 9 stereo coverage. The Mars observer camera, as currently planned, should be able to obtain images of the layered deposits that are well suited to analysis by this technique. In particular, it may be possible to image key areas near the poles at different times of day during the summer, providing the different solar illuminations required. Such high-resolution images will probably resolve thinner layers and further constrain hypotheses for the origin and evolution of the deposits. In addition, the laser altimeter on Mars observer will hopefully provide regional topographic data in the polar regions and better height control than the stereogrammetry used in this study.
